Non-Oxidative Vanadium-Catalyzed C À O Bond Cleavage: Application to Degradation of Lignin Model Compounds** Sunghee Son and F. Dean Toste* Lignocellulosic biomass has recently received great interest as a renewable source of fuel and chemicals. [1] Among the three major components of non-edible lignocellulose (cellulose, hemicellulose, and lignin), extensive efforts have been made to convert cellulose into ethanol and other biofuels. In contrast, research on the conversion of lignin has been limited to its removal from biomass either to enhance the accessibility of chemicals and enzymes to other components of biomass or to prevent the photo-yellowing of paper and pulp. Despite the fact that lignin corresponds to up to 30 % of the weight and 40 % of the energy content of lignocellulosic biomass, few novel processes aimed at producing high value compounds have been reported. Recently, several reports inspired by the pulp bleaching process have been published regarding the mechanism and product distribution of enzymatic and chemical oxidation reactions.
[2] Using dimeric lignin model compounds (e.g. 1) containing a b-O-4 linkage that represents the most common substructure in lignin, [3] aromatic aldehydes were obtained as the main products in low yield. Although these methods show promise for selective conversion of lignin, fundamentally new catalytic processes need to be developed to fully realize lignins potential as a chemical feedstock. Furthermore, a thorough understanding of the mechanism of these processes is necessary to achieve high selectivity.
Aiming to develop a novel method to selectively convert lignin to highly functionalized aromatic compounds, we explored various homogeneous vanadium complexes for the conversion of 1 (Table 1) . [4] Most of the vanadium catalysts tested yielded benzylic alcohol oxidation product 4 as the major product [5] in addition to small amounts of CÀO bond cleavage products 2 and 3 (entries 2-7). In spite of the low yield, the formation of 2 distinguishes this reaction from previous reports: not only is 2 a novel product, but it is also a redox-neutral transformation. Excited by this new reactivity, we explored other vanadium catalysts and found that tridendate Schiff base ligands favor CÀO bond cleavage over benzylic oxidation (entries 8-11). Higher selectivity for C À O bond cleavage was observed when ligands with larger bite angles were employed (entries 8 vs. 9 and 10 vs. 11). [6] The increased reactivity of catalyst 11 compared to 9 (entry 11 vs. 9) may be attributed to its tert-butyl substituents, which enable intermediates from 11 to remain as catalytically active monomeric species instead of forming insoluble aggregates. [7] Thus, through subtle changes in the ligand structure, the reactivity of the vanadium(V)-oxo catalyst was tuned away from simple alcohol oxidation toward the cleavage of the b-O-4 carbon-oxygen bond.
To understand the role of oxygen in the formally nonoxidative process, the reaction was performed under anaerobic conditions with catalyst 11. After 24 h, the same products were obtained as those under aerobic conditions, albeit with lower conversion, along with a pale purple precipitate (Scheme 1). The collected precipitate exhibited the same analytical properties as independently prepared V IV complex 12.
[8] The EPR spectrum of the dark purple reaction mixture 
These results indicate that the V V catalyst is reduced to a V IV species during the reaction, but oxygen is not essential for the catalyst turnover, although it does increase the reaction rate. The facile interconversion between 11 and 12 allows one to employ the high reactivity of a homogeneous catalyst during the reaction and then easily recover the vanadium catalyst as an insoluble complex after the reaction by simply controlling the reaction atmosphere. To gain further insight on the mechanism of the nonoxidative CÀO bond cleavage, we performed the reaction with various derivatives of 1 (Scheme 3). To test the possibility of oxidation of 1 to ketone 4 followed by reductive cleavage, 4 was subjected to the reaction conditions with or without benzylic alcohol 13. In both cases, 4 was recovered in high yield without any evidence of degradation to 2 or 3. The corresponding ketone 14 was obtained when 13 was added to reproduce the catalytic species formed after oxidation of 1 to 4. The lack of reactivity of 4 under the reaction conditions eliminates the possibility of a sequential oxidation and cleavage process of 1. Additionally, this experiment suggests that a V III -V V cycle, [9] which has been proposed for some vanadium-catalyzed aerobic alcohol oxidation, [4a,c,d] is likely not operational for this transformation. When the benzylic hydroxy group was replaced by a methoxy group (1 a), the reaction proceeded with only 12 % conversion to afford conjugated aldehyde 15 as the product, indicating the importance of ligand exchange on 11 with the benzylic hydroxy group. In contrast, methyl ether 1 b was converted to 2 and 3 with only slightly diminished yield and selectivity compared to 1. When the aryloxy group was absent (1 c), only the corresponding ketone 16 was observed.
Based on these data, we propose a one-electron process as the most plausible mechanism (Scheme 4). After ligand exchange on the vanadium complex with the benzylic hydroxy group, the benzylic hydrogen is abstracted to generate the ketyl radical, which eliminates the aryloxy radical. [10] The elimination of the hydroxy group from the resulting enolate produces enone 2 and a vanadium(IV) complex (17 a or 17 b), which is re-oxidized to vanadium(V) by the aryloxy radical. [11] Degradation of lignin through a ketyl radical had been suggested by several groups as a mechanism responsible for photo-yellowing of paper. [12] However, this hypothesis was later disputed because the ketyl radical generated by various methods reacted readily with oxygen to produce the corre- sponding ketone, and only a small amount of fragmentation products was formed by secondary photolysis of this ketone. [13] The high yield and good selectivity observed for b-O-4 cleavage of vanadium-catalyzed reaction indicates a drastic reactivity change of the ketyl radical by coordination to vanadium.
Formation of the insoluble V IV complex 12 and only a slightly lower turnover number under anaerobic conditions suggests that regeneration of a V V complex by the aryloxy radical competes with formation of an insoluble V IV aggregate. Molecular oxygen probably accelerates the reaction by increasing the effective concentration of catalytically active species by converting insoluble 12 to soluble V V species. Although the vanadium-catalyzed non-oxidative degradation of 1 proceeds with high efficiency and selectivity in CH 3 CN, it is desirable to utilize solvents without nitrogen atoms for application to biofuel synthesis to prevent formation of NO x . When the reaction was performed in EtOAc on 1 mmol scale, the desired products were obtained with higher yields and selectivity than reactions run in CH 3 CN (Scheme 5).
[14] Moreover, a more complex trimeric model compound 18 [2f, 15] underwent clean C À O cleavage to provide three monomeric compounds, demonstrating the possibility of application of this reaction to more complex systems (Scheme 6). [16] In conclusion, we have demonstrated that changes in the ancilliary ligands can divert the reactivity of vanadium-oxo complexes from the typical alcohol oxidation to an unprecedented CÀO bond cleavage reaction. This novel reactivity has been applied to a vanadium-catalyzed non-oxidative CÀO bond cleavage reactions of dimeric lignin model compounds that produces aryl enones as unprecedented degradation products. This transformation is proposed to proceed through a ketyl radical generated by hydrogen atom transfer to a vanadium(V) complex. Oxygen is not essential for the reaction, although it increases the reaction rate. The novel reactivity of this transformation combined with good selectivity for a highly functionalized aryl enone demonstrates a great potential of lignin as a chemical feedstock. Further mechanistic studies and applications to biomass degradation are underway.
